AGO1 is a major component of RNA-induced silencing complexes and plays a crucial role in solid tumors. The aim of our study was to investigate AGO1 functions in hepatocellular carcinoma (HCC). Using small interfering RNA, AGO1 functions were investigated in HCCLM3 cell lines. Cell proliferation, immigration, and invasion significantly decreased after AGO1 depletion using MTT, wound-healing, and transwell assay. The associated proteins in the epithelial-mesenchymal transition (EMT) and the activation of its signal pathways were measured using western blot. After AGO1 depleted, increased E-cadherin and decreased N-cadherin, Vimentin, Snail, and Zeb1 were founded. In its upstream pathway, the phosphorylation of ERK1/2(Thr202/Tyr204), Smad2(S425/250/255), and Smad4 were significantly inhibited. Meanwhile, inhibitor of ERK1/2(LY3214996) significantly inhibited the growth and migration of the AGO1 cells. The nuclear importing of Smad4 was blocked and furthermore, the transcription of Snail was also influenced for the decrease of combination between Smad4 and the promotor region of Snail. After Snail was overexpressed, the invasion of HCCLM3 cells was significantly rescued. Immunohistochemistry in tissue microarrays consisting of 200 HCC patients was used to analyze the associations between AGO1 expression and prognosis. Intratumoral AGO1 expression was an independent risk factor for overall survival (P = 0.008) and recurrence-free survival (P < 0.001). In conclusion, AGO1 may promote HCC metastasis through TGF-β pathway, and AGO1 may be a reliable prognostic factor in HCC.
Introduction
Liver cancer is the second leading cause of cancer death worldwide and in less-developed countries and the sixth leading cause of cancer death in more-developed countries among men. During 2012, an estimated 782 500 new liver cancer cases and 745 500 deaths occurred worldwide, with China alone accounting for about 50% of the total number of cases and deaths. Most (70-90%) primary liver cancers occurring worldwide are hepatocellular carcinoma (HCC) 1, 2 . The high postsurgical recurrence rate is a major problem, thus HCC patients undergoing curative resection have a poor outcome. Meanwhile, the survival benefit of several postsurgical biotherapies and targeting therapies has been certified currently 3 . Consequently, the identification of biomarkers that can predict the outcome and effectiveness of adjuvant therapies is crucial for preventing postsurgical recurrence and increasing the life span of patients with HCC.
MicroRNAs (miRNAs) modulated cellular gene expression through the RNA interference (RNAi) pathway and are important for carcinogenesis and tumor progression 4, 5 . Although repressing miRNAs may be a novel cancer therapy, it is difficult to inhibit multiple miRNAs, which could be a more effective way to against cancer, in cancer cells simultaneously because each miRNA may independently contribute to tumor development 6 . The AGO family (AGO1, AGO2, AGO3, and AGO4) is the essential protein component of the RNAi machinery, and it can regulate the biogenesis of multiple miRNAs. AGO family members are present in all RNA-induced silencing complexes (RISCs) 7 and are required for the production of mature miRNAs 8 . AGO1 is a major component of RISCs and is a well-studied AGO in mammals. The relationship between AGO1 and cancer has been reported in several recent investigations. Li et al. 9 have found that AGO1 may be a novel early diagnostic marker because it is significantly associated with colon cancer tissue occurrence. AGO1 also plays a crucial role in lung and breast cancers 10, 11 . However, AGO1 has just been reported to overexpress in intratumoral tissues and there are limited data on the role of AGO1 in HCC 12 . Therefore, exploring the relationship between AGO1 and HCC to identify an effective biomarker may be more promising for treatment compared to suppressing miRNAs.
Materials and methods

Cell lines and chemicals
HCC cell line with high metastatic potentials, HCCLM3, was used, which was established by the Liver Cancer Institute of Zhongshan Hospital (Shanghai, China) [13] [14] [15] . The cells were cultured in Dulbecco's modified Eagles medium, supplemented with 10% fetal bovine serum in a humidified atmosphere of 5% CO 2 at 37°C. LY3214996 and SB203580 were purchased from Calbiochem (La Jolla, CA, USA).
Patients, specimens, and follow-up
From January 2000 to November 2001, 200 consecutive patients undergoing curative resection with pathologically confirmed HCC were enrolled in this study. The paired intratumoral and peritumoral tissues were collected from the patients. Patients did not receive presurgical anticancer treatment. The clinicopathological features were described in our previous study 16 . In our hospital, the lower limit of quantification 5 × 10 2 IU/ml was used to define hepatitis B virus (HBV) replication. All patients were recruited into the current study after signing the informed consent. This study was approved by the Research Ethics Committee of Zhongshan Hospital. All patients were followed until March 2008 with a median follow-up time of 59.1 months (range, 1-91 months). The follow-up procedures were previously described 16 .
siRNA-mediated silencing of AGO1 and AGO2
The target siRNA sequences are listed in Table 1 . RNA duplexes were designed and synthesized by the Genepharma Company (Shanghai, China). Transfection of siRNA into HCCLM3 cells was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Western blot analysis
For western blot analysis, the protein was collected from HCCLM3 cells transfected with different AGO1-targeting siRNAs for 24 h. The primary antibodies used were AGO1, AGO2, E-cadherin, N-cadherin, Vimentin, Twist, Snail, p-ERK1/2(Thr202/Tyr204), ERK1/2, p-P38, P38, pSmad2(S425/250/255), p-Smad2(Thr 8), p-Smad2(T220/ T179), Smad2, p-Smad4, Smad4, GAPDH, Tubulin, and LaminA/C (Cell Signaling Technology, Danvers, MA; 1:1000).
Cell proliferation, migration, and invasion
The MTT assay was used for cell proliferation analysis 17 . Absorbance was measured at 490 nm at the designated time points (24, 48, 72 , and 96 h). Transwell assays were used for cell invasion analysis 16 . The wound-healing assay was used to assess the migration of cells. The cells were seeded in six-well plates with a density of 2 × 10 5 cells/well and grown to confluency. Then pipette tips of 200 µl (Corning, USA) were used to scrape over the adherent cells to make a wound. Migrating cells at the wound front were recorded at 0 and 24 h after wounding. Migrating ratio was calculated as followed: ([average width of linear wound at 0 h − average width of linear wound at 24 h]/average width of linear wound at 0 h).
Chromatin immunoprecipitation and quantitative realtime polymerase chain reaction
Immunoprecipitation of viral DNA was performed by chemically crosslinking DNA-protein complexes formed in cells using 1% formaldehyde. The cells were incubated for 10 min at 37°C and then washed once in phosphatebuffered saline containing protease inhibitors (Thermo Scientific). Cells were re-suspended in SDS lysis buffer (50 mM Tris-HCl [pH 8.1], 1% SDS, and 10 mM EDTA) 
Immunohistochemistry
Four hundred pairs of representative formalin-fixed and paraffin-embedded intratumoral and peritumoral tissue cores, isolated from areas adjacent to tumors, were constructed into tissue microarrays. Duplicate cylinders from two different areas were obtained. The immunohistochemistry (IHC) and photographing protocols were described previously 16 . The primary antibody used for IHC was AGO1 (1:500). The AGO1 was determined as previously described 16 .
Statistical analysis
Values were expressed as the mean ± standard error of the mean. Unpaired t-test was used to compare quantitative variables. Pearson χ 2 -test or Fisher exact test was applied to compare qualitative variables. The patients' survival curve was plotted using the Kaplan-Meier method, and the logrank test was used to determine the significant difference among groups. The Cox regression model was used to perform multivariate analysis. Analysis was performed using SPSS 16.0 for Windows (SPSS Inc., Chicago, IL). P < 0.05 was considered statistically significant. Fig. 1 The cell functions of HCCLM3 after AGO1 siRNA transfection. a AGO1 expression was inhibited significantly after siRNA transfection. b Cell proliferation was measured using the MTT assay. c Cell invasion was measured using Matrigel transwell invasion assays. d Cell migration was measured using wound-healing assay. *P < 0.05; **P < 0.001
Results
AGO1 depletion reduced cell proliferation, migration, and invasion
To investigate the functions of AGO1 in HCC, we depleted AGO1 in HCCLM3 cells using siRNA. The suppressive effects of the siRNAs were validated at 24 h by western blot. AGO1 siRNA-1 and AGO1 siRNA-2 demonstrated significant suppression effects compared with control siRNA sequences and AGO1 expression was significantly lower after AGO1 siRNA-1 transfection than after AGO1 siRNA-2 transfection (Fig. 1a) . Downregulation of AGO1 caused a significant decrease in cell proliferation at 48 h following transfection (P = 0.039; Fig. 1b ). Decreased AGO1 expression was accompanied by a reduction in HCC cell invasion, as measured by the transwell assay (P < 0.001; Fig. 1c ). Similarly, woundhealing assay showed that AGO1 depletion caused a significantly greater distance between the two wound fronts (P < 0.001; Fig. 1d ). In order to approve the miRNA is responsible for AGO1 is known to be incorporated in RISC. We chose AGO1 KD cells to examine the expression of miR173, miR-981, and miR-317 by RT-PCR assays. Strikingly, depletion of AGO1 markedly decreased the mRNA level of miR173, miR-981, and miR-317 (Supplementary Figure 1) .
AGO1 depletion inhibited the epithelial-mesenchymal transition and phosphorylation of ERK1/2, Smad2, and Smad4
The alteration of AGO1 expression could influence the functions of HCC tumor cells, including proliferation and invasion. Thus, we further investigated the potential mechanism. By western blot, the expression of epithelial-mesenchymal transition (EMT)-associated proteins altered significantly after AGO1 depletion.
Increase of E-cadherin and decrease of N-cadherin and Vimentin were observed. EMT transcription-associated proteins Snail and Zeb1 were also significantly downregulated, while another EMT transcription-associated protein Twist did not show any change (Fig. 2a) . Then, we explored the transforming growth factor (TGF)-β pathway-associated proteins, which might alter the Fig. 2 The expression of AGO1, EMT-associated proteins, and TGF-β pathway-associated proteins in HCCLM3 after AGO1 transfected using AGO1 siRNAs as determined by western blot analyses. a AGO1 expression was inhibited significantly after siRNA transfection, as well as mesenchymal indicators N-cadherin and Vimentin, and transcription factors Snail and ZEB1, while epithelial indicator E-cadherin increased and another transcription factor Twist did not show any change. b The phosphorylation of TGF-β pathway-associated proteins, including ERK1/2, pSmad2(S425/250/255), and Smad4 was significantly inhibited by AGO1 depletion, and P38, p-Smad2(Thr), and p-Smad2(T220/T179) did not show any change expression of transcription factor Snail. The phosphorylation of ERK1/2, other than P38, was dramatically downregulated after AGO1 depletion. Likewise, the phosphorylation of ERK1/2-regulating proteins Smad2(S425/250/255) and Smad4 were also significantly downregulated (Fig. 2b) . However, knockdown of AGO1 did not show any effect on phosphorylation of Smad2(T220/T179) and (Thr 8) (Fig. 2b) . To further prove that AGO1 regulated Smad2 (S425/250/255) via ERK1/2, not P38. We use the inhibitors of LY3214996(ERK1/2) and SB203580(P38) respectively treated with elevated AGO1 cells to assay the cell proliferation and migration. Remarkably, inhibitor of LY3214996(ERK1/2) significantly inhibited the growth and migration of the AGO1 cells when compared with normal group (Fig. 3b, c) . However, inhibitor of SB203580(P38) did not significantly impacted the cell proliferation and metastasis of AGO1 cells when compared with normal group (Fig. 3b, c) . To prove that this observation is specific for AGO1 not AGO2, we first examined the expression and phosphorylation status of ERK1/2, Smad2, and Smad4 by western blot in AGO2 knockdown cells and in control groups. Interestingly, we found these proteins were not apparently changed (Supplementary Figure 2) . These results, taken together, suggest that the EMT pathway and ERK1/2-p-Smad2 (S425/250/255)-p-Smad4 have an important role in AGO1 downregulation.
AGO1 depletion inhibited the nucleus entrance of Smad4 to downregulate the expression of Snail
It is necessary to check whether Smad2 or Smad4 would transfer into the nucleus to play a role in regulating the expression of Snail, which made us extract the cell nucleus and cytoplasm proteins respectively to confirm that. Then, depletion of AGO1 resulted in decreased nuclear Smad4 and p-Smad4, but not Smad2 (Fig. 4a) . Correspondingly, the expression of Smad4 in the cell cytoplasm significantly increased (Fig. 4a) . Interestingly, p-Smad2 was reduced both in the nucleus Fig. 3 Ago1 promotes cell proliferation and migration though ERK1/2 not P38. a Level of AGO1 protein was detected by western blotting assays. b LY3214996 (ERK1/2) inhibitor significantly inhibited AGO1 cell growth compared to the normal group, while SB203580 (P38) did not significantly affect growth (*P < 0.05). c LY3214996 (ERK1/2) inhibitor significantly inhibited AGO1 cell migration compared to the normal group, while SB203580 (P38) did not significantly affect migration (*P < 0.05) and in the cytoplasm (Fig. 4a) . ChIP was used to explore whether AGO1 would influence the Smad4 localization to Snail genomic locus. The qRT-PCR results revealed that AGO1 can regulate the level of Smad4 binding Snail, we found that AGO1 overexpression could indeed activate Snail promoter while Fig. 4 The expression of Smad2/4 in the nucleus and cytoplasm and the result of ChIP. a The expression of Smad4 and p-Smad4 was significantly downregulated in the cell nucleus and significantly increased in the cell cytoplasm; Smad2 did not show any alteration; P-Smad2 was significantly downregulated in the both cell nucleus and cytoplasm. b After being pulldown by anti-Smad4 antibody and control IgG antibody respectively, the quantity of promoter region of Snail combined to Smad4 was dramatically more that control. *P < 0.05 Fig. 5 Rescue assay. a The expression of Snail after using Snail overexpression and AGO1 siRNAs simultaneously. b Snail overexpression significantly promote the cell invasion by transwell assay AGO1 knockdown inactivate Snail promoter (P < 0.001; Fig. 4b ).
Overexpressed Snail could reverse the inhibitory effect of AGO1 depletion
After verifying the signal pathway between AGO1 and Snail, we further investigated whether recovering the expression of Snail would rescue the cell invasion, which was inhibited by AGO1 depletion. We stably introduced vector containing cDNA encoding the full-length Snail protein via viral infections into control group and Si-AGO1 cells, respectively, and the resulting cells as mass pools were subjected for in vitro analyses (Fig. 5a ). We performed transwell assays to examine the effect of Snail on cell migration. The result demonstrated that Snail overexpression could significantly promote the cell invasion by transwell assay in spite of the downregulation of AGO1 (P < 0.001; Fig. 5b ).
IHC findings
AGO1 staining was most prominent in the cytoplasm of intratumoral HCC cells and adjacent liver cells. Nuclear staining was also detected in several sections. The majority of stromal cells did not stain, but sporadic positive staining was observed (Fig. 6a) . The positive rates of AGO1 expression in intratumoral and peritumoral tissues were 45.0% (90 of 200) and 27.0% (54 of 200), respectively. Patients with positive intratumoral AGO1 expression had higher incidences of young age (P = 0.039), high serum alpha-fetoprotein (AFP; P = 0.002), HBeAg-positive status (P = 0.049), HBV DNA ≥ 5 × 10 2 IU/ml (P = 0.043), liver cirrhosis (P = 0.045), and intrahepatic or extrahepatic recurrence (P < 0.001; Table 2 ).
Relationship between AGO1 expression and patient prognosis
The 1-, 3-, 5-, and 7-year overall survival (OS) rates of patients with positive intratumoral AGO1 expression were 97%, 77%, 54%, and 44%, respectively, and were much lower than that in patients with negative intratumoral AGO1 expression (100%, 85%, 70%, and 60%, respectively; P = 0.008; Fig. 6b) . Furthermore, the 1-, 3-, 5-, and 7-year recurrence-free survival (RFS) rates of patients with positive AGO1 expression (83%, 49%, 34%, and 29%, respectively) were significantly lower than that in patients with negative AGO1 expression (88%, 73%, 62%, and 56%, respectively; P < 0.001; Fig. 6b ). Multiple tumor number was the risk factor for both OS and RFS in univariate analysis. Positive intratumoral AGO1 expression and tumor number were independent risk factors for both OS and RFS, but peritumoral AGO1 expression was not associated with either OS or RFS (Table 3) .
Twenty-four months was used as a cutoff time point when tumor recurrence was divided into early phase and late phase according to RFS 18 . Positive intratumoral AGO1 expression was associated with a poor early-and late-phase RFS (P = 0.020 and P < 0.001, respectively; Fig. 7a, b) . Furthermore, the predictive value of intratumoral AGO1 expression within subgroups (AFP: ≤20 vs >20 ng/ml; tumor size: ≤5 cm vs >5 cm; HBsAg status: positive vs negative) was investigated, and the prognostic significance of AGO1 was retained: AFP subgroup (P = 0.001 and 0.008, respectively; Fig. 7c, d) ; tumor size subgroup (P = 0.002 and 0.007, respectively; Fig. 7e, f) ; and HBsAg status subgroup (P = 0.005 and 0.002, respectively; Fig. 7g, h ).
Discussion
Recently, miRNA-associated genes have attracted attention in HCC research. Dicer is downregulated in HCC intratumoral tissues, and we have shown that Hiwi is associated with HCC metastatic potential and prognosis in patients with HCC 16, 19 . Nevertheless, systematic study concerning the role of AGO1 in HCC progression and prognosis has not been reported, specifically with a large number of patients and long-term follow-up.
In the present study, we found that the migration and invasion of HCC cells were dramatically inhibited following suppression of AGO1. Patients with positive intratumoral AGO1 had a higher recurrence rate compared to those with negative intratumoral AGO1. Moreover, AGO1 depletion resulted in significant inhibition of HCC cell proliferation, which is also associated with tumor progression 20 . Our results suggest that upregulation of AGO1 in HCC may correlate with a malignant phenotype and metastasis.
EMT is a major mechanism for carcinogenesis and progression, through which cell proliferation and 
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HBsAg hepatitis B surface antigen, HBeAg hepatitis B e antigen, HCV hepatitis C virus metastasis, even drug resistance and tumor stem cells generation would be ultimately promoted [21] [22] [23] . In our study, we found that AGO1 inhibition would weaken the EMT process, which especially included the crucial transcription factor Snail. Thus, it is necessary to explore the signal pathway that could manipulate the expression of Snail in the cell nucleus. TGF-β pathway is a common signal pathway to manipulating the EMT process, in which includes MAPK proteins and Smad proteins 24, 25 . Thus, we further investigated the expression and phosphorylation of TGF-β pathway-associated proteins, including ERK1/2, P38, Smad2, and Smad4, and found that AGO1 could affect the activation of three of them, except for P38. Since Smad2 and Smad4 could play a role in regulating transcription through transfer into the cell nucleus as Smads complex, which one was exactly manipulated by AGO1 should be determined. Then it was confirmed that the quantity of Smad4, but not Smad2, in the cell nucleus and cytoplasm was altered obviously, and through ChIP, we verified that Smad4 could play a role on Snail expression directly combining with its promotor region. The HCC cell functions could be rescued through recovering the expression of Snail. In summary, our results suggest that AGO1 might manipulate EMT process through activating TGF-β pathway-associated proteins, including ERK1/2, Smad2, and Smad4 to promote Smad4 transfer into the cell nucleus and then increase the expression of EMT key transcription factor Snail through combining with its promotor region. Consequently, tumor growth and metastasis of HCC will be dramatically enhanced and the prognosis of HCC patients will be deteriorated.
Among the adverse clinicopathological features positively correlated with AGO1, HBeAg is associated with poor survival in patients with small HCC and a higher risk of early recurrence from intrahepatic metastasis 26 . HBeAg status represents HBV viremia because the presence of HBeAg in serum is associated with active HBV replication in hepatocytes 27 , and this result is further confirmed by the positive relationship between AGO1 expression and the value of HBV DNA in our study. Moreover, a previous study has reported that HBV replication is associated with HCC angiogenesis 28 . Thus, AGO1 may not only promote HCC cell growth and metastasis but also alter the virus-infective status of the HCC environment resulting in increased intrahepatic or extrahepatic metastasis and recurrence.
AGO1 was confirmed to be an independent risk factor for survival in HCC patients, especially for RFS. The high probability of postsurgical recurrence is a major obstacle compromising curative resection for HCC. Recurrence can be categorized as occurring early or late and may occur by different mechanisms, including intrahepatic 29 . We propose that the association between AGO1 and intrahepatic metastasis and HBV replication suggests that AGO1 may be a reliable prognostic tool regardless of recurrence time. Early postsurgical recurrence is the leading cause of death from HCC, including small HCC 30 , and our results may highlight a novel marker that will identify a high-risk subgroup of patients who require adjuvant therapies following curative resection.
Similar to early recurrence, a reliable marker is also needed to predict prognosis in subgroups of normal AFP and small HCC. AFP is a common tumor marker for monitoring postsurgical recurrence and metastasis in patients with positive AFP 31 . However, there is not an ideal prognostic marker for patients with normal serum AFP (30-40% of all), making them difficult to screen for recurrence or prognosis [32] [33] [34] . Similar to patients with normal AFP, the recurrence rate of small HCC after curative resection is still high, and a number of studies are searching for suitable markers to predict postsurgical recurrence 35, 36 . The majority of HCC patients in China have HBV-positive backgrounds, unlike patients from other countries 1 . We stratified our patients according to HBsAg status, and the prognostic role of AGO1 was validated in HCC patients with an HBV-negative background. These results indicate that AGO1 may be an applicable and reliable prognostic biomarker of HCC regardless of serum AFP levels, tumor size, early or late postsurgical recurrence, or HBV background.
Although we found the adverse effect of AGO1 in this study, there are several previous studies that have some opposite conclusions. Chen et al. 37,38,] found that AGO1 may inhibit the expression and function of vascular endothelial growth factor in human umbilical vein endothelial cells (HUVEC), and AGO1 was a marker for better OS and disease-free survival in HCC. Another study found overexpression of AGO1 could reduce tumor growth in animal models. We considered that the difference of research methods (down-and upregulation), cells (HCC cell lines and HUVEC), and patient samples' basic characters may cause the difference between our study and these studies. Furthormore, a recent study also found AGO1 expressing in the cell nucleus could interact with RNA polymerase to regulate gene expression, which was totally different from AGO1 in the cytoplasm. Inhibition of AGO1 could reduce cancer cell progress and survival 39 . Therefore, dual role of AGO1 in cancers could not be excluded and further study is necessary.
In conclusion, our data show the potential of AGO1 to be a predictive biomarker in HCC patients with long-term follow-up. Our data suggest that AGO1 may play a crucial role in regulating HCC cell growth and metastasis through TGF-β pathways. AGO1 may be a reliable prognostic factor for HCC.
